Spatial assessment of molting in workers of Coptotermes formosanus Shiraki was conducted in laboratory-reared colonies using extended foraging arenas. Workers at a premolt stage were found concentrated in the nest or in a planar arena near the nest. However, molting individuals were found exclusively in the central nest and they stayed inside or near the central nest for at least 36 h postmolting. The absence of premolt workers at foraging sites suggests that the workers have an affinity to the nest for molting and the second study on nest-fidelity evaluation suggested that the workers molt in the proximity of eggs. The molting site fidelity by workers in a colony ensures that speeding up the time for mortality induced by chitin synthesis inhibitor (CSI) baits will not result in an inhibitory cascade of dead termites around the bait stations. Thus, speeding up the elimination of a C. formosanus colony using CSI baits with the addition of molt-accelerating compounds will not lead to secondary repellency. Reasons for the molting-site fidelity amongst workers in a colony are discussed.
In the last two decades, molt disruption in Coptotermes formosanus Shiraki workers with chitin synthesis inhibitor (CSI) incorporated baits has emerged as a significant method of their control (Rust and Su 2012) . The CSI baits are successful in eliminating subterranean termite colonies because the active ingredients are slow acting, nonrepellent at the commercially used dosage, and their lethal time is dose independent (Su et al. 1982 , Su and Scheffrahn 1988 , Su and Lees 2009 ). The lethal time of CSIs depends on the time to molt by workers and these workers upon ingestion of a lethal dose or even higher move away from a bait station and do not die near baits before the onset of death. Hence, there is no aversion to the treatment site among other workers and the active ingredient is transferred to the entire colony leading to complete colony collapse.
A large number of studies demonstrate the success of CSI baits in the elimination of termite colonies in a field (Grace and Su 2001 , Su 2003 , Eger et al. 2012 ), but none have reported on the site of mortality of workers in a colony. In an attempt to speed up the elimination of C. formosanus colony using molt disruptors like CSI, or juvenile hormone agonists or ecdysone agonists, either alone or in combination, the biggest challenge is to ensure that termites will move away from the bait station before the onset of molting resulting in mortality. Given that mortality of a worker in a CSI-baited colony is a function of molting, information on the site of molting will help to determine whether speeding up the colony elimination is feasible.
Molting in insects is an extensively studied area of research, but studies in the past were largely concentrated on solitary insects and limited information is available on the social groups of insects. The cryptic habitat of subterranean social insects impedes observation of individuals resulting in limited research on this group. Of the published research on molting in termites, some studies in recent years were conducted with an approach to improvise the existing termite management tools like CSI baits that cause termite ecdysis disruption. Raina et al. (2008) reported the changes in juvenile hormone and ecdysone titer in C. formosanus workers before the onset of ecdysis while Xing et al. (2013) documented behavioral and histological changes of C. formosanus workers before and during the ecdysis. In a follow-up study, they reported that CSI-affected termites exhibited incomplete formation of new cuticle and partial attachment of a muscle, resulting in the damage of exoskeleton and ultimate death during the molting process (Xing et al. 2014) . Raina et al. (2008) who studied the physiological process of molting in C. formosanus reported that termites undergo a fasting period of 10 d before ecdysis in the preparation of the molt. They found that workers in field-collected foraging populations did not molt until the 11th day postcollection. No molting for the first 10 d suggests the absence of workers undergoing a fasting period from the collected foraging populations. Based on the information, it was hypothesized that termites might leave the foraging site at least 10 d before ecdysis and molt away from the foraging site such as in a location near the nest.
The objective of this study was to investigate the molt-site fidelity of C. formosanus. We first examined the spatial distribution of molting workers of 6-yr-old C. formosanus colonies from preserved specimens of Su et al. (2017) who used extended foraging arenas to study the relationship between colony size and foraging distance. We then placed other groups of lab-raised 7-yr-old colonies in laboratory arenas to test if molting workers may have any fidelity to reproductives or its progeny found in the central nest.
Materials and Methods
Site Fidelity of Molting Workers from Preserved Specimen of Su et al. (2017) In the study by Su et al. (2017) to investigate the relationship between colony size and foraging distance, 6-yr-old colony of C. formosanus was released into extended foraging arenas and allowed to forage for as far as they could. When the colony reached its maximum foraging distance, the arenas were disassembled and termites from sections of the arenas at various distances from the central nest were collected and preserved in glass vials containing 95% ethanol. For spatial assessment of molting, workers from preserved samples were categorized based on chronological events between two molt cycles as described by Xing et al. (2013) . The categories were 1) premolting workers: those with a separated old cuticle from the epidermis (Fig. 1a) , 2) molting workers: those in the process of molting recognized by the jackknife or exuviae-wrapped postures formed during the process (Su and Scheffrahn 1993) , 3) postmolting workers: those that had recently molted and were between 0 and 36 h postecdysis (Fig. 1b) , and 4) intermolt workers: those between postmolting and premolting stage (Fig. 1c ). The postmolting and intermolt workers were distinguished by the degree of the sclerotization of mouthparts postecdysis. Workers up to 36 h postmolting were identified using the methodology described by Kakkar et al. (2016a) . Similarly, workers in the intermolt stage were recognized by the intensity of sclerotization of their mouthparts. Each worker from small planar arenas at various distances, large planar arena and the initial central nest (plastic box) was observed under the stereo microscope (Leica M 205 C, Wetzlar, Germany) and categorized into the four groups. The count of jackknife or exuviae-wrapped posture was combined under a molting workers group before analysis. The data were collected from three colonies of C. formosanus.
Because termites in one of the three colonies did not forage farther than 45 m in any direction, count of termites was averaged over panels at 45 m and further for the other two colonies. The analysis was done on workers extending only up to 45 m in three directions for the three colonies. The data were pooled for termites inside a central nest (plastic box), a large planar arena, and small planar arenas (at every 5 m interval across three directions) for all three colonies. Pooled data from three colonies was used for statistical analysis and presented in graphs. A 4 (worker categories) × 11 (distance from the nest) contingency table was prepared to compare the frequency distribution of workers in four categories at a range distances from the nest. Pearson's Chi-squared test was used to test the null hypothesis that frequency distributions were the same across four categories. Many cells in the contingency table had fewer than five counts; therefore, P values were computed using Monte-Carlo simulation in R 3.0 (argument simulate.p.value = TRUE in chisq.test).
Furthermore, three pairwise comparisons (i.e., intermolt vs premolt, intermolt vs molting, and intermolt vs postmolt) were conducted to check whether frequency distribution of intermolt was significantly different from the workers in other three categories. A Bonferroni correction to P values was made to account for multiple comparisons. All statistical analyses were performed using R 3.0. The graph represents the percentage of workers from each category over the distance. In addition, the percentage of workers in various stages present in the central nest, large planar arena, and small planar arenas was determined from the pooled data of three colonies. 
Molting Workers in Central Nest
Another arrangement of laboratory arena was prepared to determine if molting workers might have any fidelity to reproductives and the progeny in the central nest. Three 6-yr-old laboratory-raised colonies of C. formosanus were used for this part of the study. Colonies were established in 2007 by collecting alates from swarms of C. formosanus in New Orleans, LA. Paired male and female dealates were introduced into a 10 dram polystyrene vial (2.8 cm diameter × 8.1 cm high) containing 25 ml agar (3%) and pieces of wood (Picea sp., 0.6 cm × 0.6 cm × 5cm). These vials remained covered with a perforated cap to allow aeration and were placed at 29 ± 1 o C. As the dealates reproduced and the colony grew in size, each vial containing termites was moved into a bigger plastic box (42.2 cm × 15.6 cm × 12.5 cm) that provided larger space for colony expansion. The colonies were provisioned with sufficient wood (Picea spp.,) and moistened soil for survival and growth in these units. These rearing units (plastic boxes) were stored at 29 ± 1 o C in the laboratory.
The arena for this study was made of two clear sheets of Plexiglas (60 × 60 × 0.9 cm in thickness) separated by a Plexiglas laminates on four sides (5 cm in width and 0.2 cm in thickness) placed along the outer margins for maintaining an inner gap of 0.2 cm between sheets (Fig. 2) . The planar arena was partially filled with moistened sand and contained two blocks of moist pieces of wood Picea sp.
(5 × 0.5 × 0.2 cm), leaving the rest of the space for the termite colony. In the center of the upper sheet of the arena was an access hole;
fitted on top was a Plexiglas cup (4.5 cm in diameter and 7 cm in height) that served as a termite introduction chamber. Termites were introduced into the arena by placing the plastic box (rearing unit) upon the introduction chamber (Fig. 2) . On the bottom of the box, a moist piece of wood (Picea spp.) was positioned so that one end reached the access hole of the Plexiglas planar arena while the other end connected to the box. The wood piece served as a connection for termites to the box to expand into the planar arena. The lid of the box was removed for the soil in the box to dry, so that termites in the box were forced to move into the planar arena. Migration of termites (including the primary reproductive pair) from the box into the planar arena took ~2 wk depending on the size of the colony. Meanwhile, termites continued moving into the planar arena, the setup was extended in one direction and connected to three small planar arenas (24 × 24 cm and 1.4 cm in thickness), where each small planar arena was connected through 5 m long coiled Tygon tubes, making a total linear distance of 15 m from the original large planar arena (Fig. 2) . Reproductives and eggs always stayed in the large central planar arena referred as the central nest. Termite larvae were found in only one of the three colonies and were close to the egg cluster throughout the study period.
The plastic box was removed once the entire colony moved into the large planar arena and moist wood pieces (Picea spp.,) were added to the introduction chamber. The foraging arena was stored undisturbed in the dark at 27 ± 0.5 o C and termites were allowed to settle in the planar arena for a week. To determine if reproductives and eggs influence the nest fidelity of molting termites in a colony, the location of randomly selected 30 nonmolting workers and 30 molting workers in the large planar arena (central nest) containing reproductives and eggs in each of three colonies was determined (Fig. 2) . Molting and nonmolting workers were only selected in the large planar arena as they contained eggs and reproductives which together with other castes represent a nest, similar to the nest box in the first part of this study. The location of the nonmolting workers was used to make comparisons between a distance from molting individuals to eggs and reproductives versus nonmolting workers to eggs and reproductives to determine whether the presence of eggs or reproductives affect the molting events. Direct observations were made to determine the location of molting individuals in the large planar arena and workers that were in jackknife posture were marked as molting workers. In each of the three colonies (= replicates), comparisons were made for: 1) distance between egg cluster and 30 molting workers versus 30 nonmolting workers; 2) distance between reproductives and 30 molting workers versus 30 nonmolting workers; and 3) distance between 30 molting workers and egg cluster versus reproductives. The nonmolting workers' location was determined to assess if the location of molting workers in relation to reproductives or eggs (dependent variables) is closer than what is expected by chance. The spread of measured distances (= variable) in three colonies was displayed using box-plot graphs. Comparisons for the site of molting between the above-listed variables were made using t-test (R-Project 3.0) in a colony, where each colony represented a replicate for a total of three replicates. Pairwise comparisons for each of the three combinations were adjusted by the Holm-Bonferroni method (α = 0.05).
Results

Molting Site Fidelity
Of the 17,868 workers sampled from the preserved specimens of Su et al. (2017) , worker populations in the colonies comprised those in the intermolt stage (~79.8%) followed by those in the premolting (17.5%), molting (1.3%), and the postmolting stages (1.3%). There was a significant difference in the distribution of workers in the premolting stage compared with intermolt workers at various sites in the colonies (χ 2 = 998.09, P < 0.001), where intermolts were present in the nest box (72%), large planar arena (2.6%), and in all the small planar arenas placed at 5 m interval (Fig. 3) . However, the distribution of workers at the premolting stage was limited to the nest box and the large planar arena while the majority (97%) of them were present in the nest box. Inside the nest box, intermolts were the most abundant (74%) followed by premolts that made up 22% of the worker population in the nest box. There was a significant difference in the distribution of molting workers compared with intermolts (χ 2 =90.519, P < 0.001). The molting workers were limited to the nest because none of the workers in exuviae-wrapped or jackknife posture was found anywhere except the nest box. In one of the colonies, two exuviae from molted workers were also found in the nest. The count of exuviae-wrapped and jackknife individuals were low and together represented 1.7% of the workers in the nest boxes and 1.3% of the total worker population in the colonies. The percentage of molting individuals in the study represents individuals that were in the molting process at the time of placing termites in vials containing alcohol after disassembling the entire extended foraging arena setup.
Corresponding to workers in the premolting and molting stages, the distribution of postmolts was also significantly different from intermolts (χ 2 =467.51, P < 0.001). Based on the degree of sclerotization of mouthparts, all workers between 0 and 36 h postecdysis were found in the nest box and the large planar arena. Seventy-five percent of total workers in the postmolting stage were found in the nest box and the remaining 25% in the large planar arena. However, the contribution of postmolting workers to the total worker population in a nest box population was only 1.3%.
Molting Workers in the Central Nest
The large planar arena contained workers, soldiers, eggs, and the two reproductives (king and queen). Larvae were present only in one colony and they were close to the egg cluster throughout the study period. Besides workers and soldiers, no other caste was present in any of the small planar arenas, while the molting workers were only observed in the large planar arena (nest). The origin of the colony was not a significant factor for a distance between molting workers and eggs or reproductives (F 2, 87 = 0.65, P = 0.06) in the nest.
When comparing the distance between the egg cluster to nonmolting workers with egg cluster to molting workers, molting workers were significantly closer to the eggs than nonmolting workers (t-test=15.3, P < 0.001), which indicates that molting event tends to occur in the proximity of eggs (Fig. 4a ). The average distance between molting workers and eggs was 2.23 ± 1.2 cm (mean ± SD), where the farthest distance at which workers were found molting from the egg cluster was 4.9 cm. However, no significant difference was found (t-test= 1.72, P = 0.08) in the distance between molting individuals and reproductives (34.35 ± 10.2 cm) and the distance between nonmolting workers and reproductives (31.53 ± 1.3 cm), indicating that workers molting close to the reproductives were only by chance (Fig. 4b) . Furthermore, the molting individuals were found to be significantly closer to the eggs than with reproductives (t-test = 29.6, P < 0.0001), where the maximum distance between molting workers and eggs was ~5 cm and the distance between reproductives and molting workers varied widely depending on where the egg cluster and reproductives were in different colonies (Fig. 4c ).
Discussion
The presence of exuviae, and workers in jackknife and exuviaewrapped postures in the nest box confirmed that workers of C. formosanus molt in the central nest, where a nest is referred to an area where reproductives are found with their brood. Workers at premolting stage found in the central nest and in the large planar arena suggest that the workers leave foraging sites and move closer to the nest as they prepare to molt. Collectively, workers at a premolt stage in a nest box and large planar arena represented 17.5% of the total worker population, which agrees with previous studies that on average 1.7% of workers molt in a colony every day (Kakkar et al. 2016b ) because it takes ~10 d for every individual to go through the preecdysis stage (Raina et al. 2008 ). On examining the mandibles of the individuals in a colony, some of the recently molted workers up to 36 h postecdysis were found in the large planar arena (0-60 cm) suggesting that similar to the premolt stage, workers remain close to the nest until at least 36 h postmolting. We speculate that although by 36 h postecdysis mandibles become dark like typical intermolts (Kakkar et al. 2016a ), they may not be hard and thickened enough for foraging, hence they stay close to the central nest and do not resume foraging.
Intermolts in the current study constituted ~80% of the colony population where 72% of them were present in the nest box. Given that the maintenance of the nest, feeding immature and other castes, and grooming eggs and nestmates requires a large work force, recovery of the majority of intermolts in the nest box in our study is reasonable. However, the presence of ~18% of the worker population comprising premolts and postmolts found only in the nest box suggests that molting may possibly affect the task allocation or the principle of age-polyethism in the workers of C. formosanus during their premolt and postmolt phase. Workers from foraging sites preparing to molt could be trading their roles with workers in the nest while the workers in the nest move to the foraging sites and help maintain labor homeostasis in the colony.
Workers in C. formosanus colonies are known to forage around 100 m in the field (King and Spink 1969, Su and Scheffrahn 1988) . To feed a large colony with as many as millions of individuals (Su and Scheffrahn 1988) , termites must employ an optimal foraging strategy in order to maximize the energy gain (Traniello and Leuthold 2000) . Although the periodic return trips to the nest from foraging sites before molting can be a confounding factor to optimize foraging of C. formosanus there can be benefits in leaving the foraging sites before molting, such as safety from predation during the vulnerable time of shedding exuviae, not blocking traffic flow in narrow foraging tunnels, and obtaining help in shedding exuviae from workers in the nest which represent the majority of the population in a colony.
Termites are known to feed largely on cellulose, an abundant food source rich in carbon but deficient in nitrogen. To overcome the N deficiency in their diet, termites have adopted certain strategies (Higashi et al. 1990 ) and one of these is the postmolt recycling for the recovery of N from the exuviae (Mira 2000 , Chapman 2013 . Nitrogen is important for growth and reproduction in insects (McNeil and Southwood 1978, Mattson 1980) , especially for the queen who needs more N to produce eggs, and here we hypothesize that workers may molt in the nest to provision the queen with the N recycled from their exuviae. However, further studies are needed to validate this hypothesis.
In conclusion, we affirm workers in C. formosanus leave the foraging site before ecdysis and stay close to the nest until at least 36 h postmolting. Based on the findings, we speculate that nest-fidelity in molting workers contribute towards the successful elimination of colonies treated with CSIs like noviflumuron. Unlike commercial baits with dose-independent toxicants (metabolic inhibitors, etc.) resulting in cascade of dead molting workers around the baits, CSI affected molting workers seems to die in the central nest away from the bait station due to site-fidelity which maintains the traffic of workers towards the bait stations and functional tunnels that connect the colony with the bait stations. However, additional studies are needed to test the proof of concept by baiting C. formosanus colonies with CSIs. Fig. 4 . Box plot of various distances. The lower and upper boundaries of the box indicate the 25th and 75th percentiles, respectively. The vertical lines above and below the box indicate the minimum and maximum, respectively. Molt = molting workers, nonmolt = nonmolting workers, reprod = reproductives, and eggs = egg cluster. Comparisons were made using t-test for a) distance between molting workers and eggs with distance between nonmolting workers and eggs, b) distance between molting workers and reproductives with distance between nonmolting workers and reproductives, c) distance between molting workers and eggs with distance between molting workers and reproductives.
